When fatty fish are transformed into surimi, lipid oxidation takes place, decreasing the quality of the product. This study was aimed to identify the critical stages of the process in terms of the development of lipid oxidation. Horse mackerels were transformed into surimi on a pilot line and samples taken (hand-skinned fillets = minced fillets, mince, washed and refined minces, paste, surimi and washing water). Most of the lipids were removed during the process and neutral lipids were lost in higher proportion than polar lipids. As a consequence, total lipids of surimi contained more polyunsaturated fatty acids (338 ± 19 g kg -1
) than total lipids of the minced fillets (220 ± 8 g kg -1 ). Thiobarbituric acid reactive substances (TBARS) was higher in the minced fillets than in the mince because less subcutaneous fat and dark muscle were removed during hand-mincing, indicating that the settings of the skinning-deboning machine can strongly influence the final quality of the product. Concentrations of lipid oxidation products increased significantly during the next stages of surimi processing. The increase was more pronounced for TBARS than hydroperoxides. Concentrations in hydroperoxides were similar in mince and washed mince (15.3 ± 2.8 and 16.6 ± 2.8 mmoles kg -1 lipid) and increased in refined mince (29.6 ± 2.8 mmoles kg -1 lipid). TBARS accounted for 2.7 ± 1.0 mg kg -1 lipid in mince, 40.4 ± 2.3 mg kg -1 lipid in washed mince and 237 ± 7 mg kg -1 lipid in refined mince. Hydroperoxides and TBARS were found in appreciable amounts in washing water (76.9 ± 4.7 mmoles kg -1 lipid and 479 ± 8 mg kg -1 lipid respectively), when they decreased in surimi (27.3 ± 3.8 mmoles kg -1 lipid and 44.2 ± 0.8 mg kg -1 lipid respectively) compared with refined mince. This shows that the last dewatering stage is crucial to ensure surimi quality.
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INTRODUCTION
Surimi is a concentrate of fish myofibrillar proteins obtained by successive washing of fish mince to remove blood, lipids, enzymes and sarcoplasmic proteins. Surimi is an intermediate product which requires a second stage of transformation during which NaCl, texturing agents and aroma are added, and thermal treatment is applied, to obtain seafood analogues.
The demand for fish proteins and surimi throughout the world is increasing faster than the supply in traditional resources. This great demand has led to overfishing of many of traditional lean fish species as Alaska pollock (Theragra chalcogramma). In contrast, fatty fish species as horse mackerel, sardine, mackerel, are under exploited in spite of their availability, low price and good nutritional value. Fatty fish are difficult to process because they exhibit a great seasonal variability, particularly in lipid contents 1, 2 . Moreover, due to their high content in dark muscle and fat they are very sensitive material which rapidly losses its freshness and the functional properties of its proteins Lipids of fatty fish are rich in longchain polyunsaturated fatty acids 3 of excellent nutritional value. However, they are very prone to oxidation that is also favoured because myoglobin and oxidizing enzymes present in dark fish muscle are efficient pro-oxidants 4, 5 . Lipid oxidation induces formation of an array of products decreasing directly or indirectly the sensory quality of fish and fish products 6 . It produces unstable intermediary compounds such as free radicals and hydroperoxides and leads to formation of volatile compounds involved in development of off-flavors 7 . Oxidized lipids also interact with proteins inducing modification of textural properties 8, 9 .
It is difficult to maintain the quality of the product during processing of surimi from fatty fish.
First, during mincing and mixing, cell membranes are disrupted and membrane lipids are blended with pro-oxidants 10 . Oxygen is also incorporated and temperature tends to increase, promoting lipid oxidation. Then both water-soluble and hydrophilic pro-oxidants and 2 antioxidants are removed during the extensive washing stages. Thus, the material progressively losses its natural protections and becomes very sensitive to oxidation.
To optimize the process that enables the transformation of fatty fish, as horse mackerel, in surimi, a pilot production line has been set up at Ifremer (Nantes, France). The aim of this paper was to identify the stages of the process that were critical to the development of lipid oxidation during manufacturing of horse mackerel surimi. Distilled, deionized water (Millipore system) was used throughout.
EXPERIMENTAL
Reagents and Standards
Raw material, processing and sampling
Horse mackerels (Trachurus trachurus) were caught in July 2001 off the coast of Brittany by a local fisher (La Turballe, France). They were kept on ice and received in our laboratory in less than 12 hours after catching. They were then beheaded, eviscerated, filleted and washed.
Five fillets were sampled for raw material analysis. They were hand skinned and minced in a mincer (Moulinex HV3, France) in a temperature-controlled room (4 °C). The hand prepared mince (minced fillets) was put in air-tight plastic bags and stored at -80 °C before analysis.
Surimi was manufactured with about 40 kg of horse mackerel fillets stored on ice ( Figure 1 ). 
Water and lipid contents
Water content was determined by weight difference of the sample (5 g) before and after 18 hours at 100 °C. Analysis were performed in triplicate and results were expressed as g water per kg wet sample.
Total lipids (TL) were extracted in triplicate from 5 g of sample with
according to the Folch et al method 11 . The solvent (chloroform) used in the original method was replaced by dichloromethane with no differences in total lipid content and fatty acid composition of the lipid fraction extracted by the one or the other solvent (results not shown).
The lipid extracts were dried under vacuum on a rotary evaporator (temperature ≤ 35 °C).
Lipids were weighed and results were expressed as g kg -1 wet or dry sample. Lipid extracts were kept in 5 mL chloroform and stored at -80 °C.
Phospholipid content of total lipid extracts
Phospholipid content of lipid extracts was measured by the colorimetric method of Stewart 12 based on the formation of a complex between phospholipids and ammonium ferrothiocyanate. 
Fatty acid composition of total lipids
Fatty acid composition of lipids was determined by gas chromatography of fatty acid methyl esters (FAMEs). Lipids (1 mg) were transesterified by a solution of 20 mL L -1 sulfuric acid in anhydrous methanol and the reaction was carried out overnight in tightly closed tubes at 50 °C 13 . Then, 1 mL of double distilled water and 2 mL of pentane were added. After mixing and decantation, FAMEs were collected in the organic upper-phase. FAMEs (1.5 µg) in pentane were injected in the gas chromatograph (Auto System Gas Chromatography, Perkin Elmer) equipped with an auto-sampler and fitted with a split/splitless injector (liner : 8. 
TBARS determination
Aldehydes are secondary compounds of lipid oxidation; they are very reactive and easily react with proteins. Thiobarbituric acid reactive substances (TBARS) test is based on spectrophotometric quantification of the pink complex formed after reaction of secondary 18 .
Statistical analyses
Equality of variances in the set of samples is an important precondition for classical variance analysis (ANOVA) 19 . Therefore ANOVA was not appropriate to compare lipid contents and concentrations of lipid oxidation products between the samples, which had very different compositions of lipids extracted from minced filets or surimi, the student test was used.
RESULTS
Water content was similar in minced fillets, mince and surimi; it was higher in paste, in washed and refined mince and in washing water ( Table 1 ). The lower water content in surimi than in paste was due to the incorporation of cryoprotectants to the paste, increasing dry weight of surimi. Water contents of washed mince, refined mince and washing water were the highest since they were taken during washing processes.
Lipid content regularly decreased during surimi manufacturing. It accounted from 205 g kg -1 dry weight in raw material to 44 g kg -1 dry weight in surimi (Table 1) . Lipid content expressed per wet weight was lower in washed mince (11.9 g kg -1 wet weight), refined mince (Table 1) . High standard deviations observed for lipid content of samples taken during intermediary stages of processing, were explained by heterogeneity of samples composed with mince's fragments in water.
Phospholipid content of total lipid extract was lower in minced fillets (113 g kg -1 TL) than in mince (140 g kg -1 TL). It was the highest in surimi (209 g kg -1 TL) ( Table 1 ). In the washing water sampled at the end of the process, phospholipids represented 12 % of total lipids.
A wide variety of fatty acids were identified in total lipids from minced fillets and surimi (Table 2) . Proportion of saturated fatty acid were similar in minced fillets (379 g kg -1 total FAMEs) and in surimi (375 g kg -1 total FAMEs ); C16:0 was the major saturated fatty acid.
Monounsaturated fatty acids C16:1 and C18:1 were prominent in minced fillets (401 g kg -1 total FAMEs) and significantly less weighty in surimi (286 g kg -1 total FAMEs) whereas polyunsaturated fatty acids (PUFAs), mainly represented by eicosapentaenoic acid (EPA, C20:5ω3) and docosahexaenoic acid (DHA, C22:6ω3), were significantly more abundant in surimi (338 g kg -1 total FAMEs ) than in minced fillets (220 g kg -1 total FAMEs) ( Table 2) .
Concentrations in lipid oxidation products were expressed on different bases. Results expressed per kg lipids give information about the degree of lipid oxidation (Table 3) .
Concentrations in primary (hydroperoxides) and secondary (TBARS) products of lipid oxidation in lipid fraction were low in raw material and increased in transformed and intermediary products (Table 3) showing that lipid oxidation took place during processing.
After the first washing-dewatering stage, TBARS level in the washed mince reached more than 40 mg kg -1 TL whereas in mince it was only 2.7 mg kg -1 TL (Table 3) . Hydroperoxides and TBARS reached the highest levels in refined mince (29.6 mmoles CuOOH Eq kg -1 TL and 235 mg MDA Eq kg -1 TL) and then decreased in paste (Table 3 ). In parallel, very high concentration of lipid oxidation products were measured in the washing water rejected during the last stage of dewatering (76.9 mmoles CuOOH Eq kg -1 TL and 479 mg MDA Eq kg -1 TL) ( Table 3) . Concentrations of hydroperoxides and TBARS in the lipid fraction were also significantly higher in surimi than in paste.
Samples taken during surimi manufacturing were very different in terms of dry matter and lipid contents. Thus, express lipid oxidation amounts per dry sample provide information on total amounts of lipid oxidation products in the samples and on the overall quality of these samples. The highest contents in lipid oxidation products were measured in the rejected washing water (Figure 2 ). It was also noticeable that concentrations of lipid oxidation products, hydroperoxides and TBARS, were higher in minced fillets than in mince (Figure 2 ).
In spite of the small content in lipid and high content in water of rejected washing water, the concentrations of TBARS in the samples sharply increased in the order: washed mince < 9 refined mince < washing water, and then decreased in the paste ( Figure 2 ). As TBARS, hydroperoxide concentration decreased between refined mince and paste ( Figure 2 ).
Hydroperoxide concentration was similar in paste and surimi but TBARS content was significantly higher in surimi than in paste.
DISCUSSION
Most of the lipids were removed and phospholipid fraction, rich in polyunsaturated fatty acids, was less easily removed than neutral lipids during processing
Major part of lipids present in fillets was removed during processing. Most of lipid losses occurred during the washing stages (Table 1) . Indeed, lipid losses during surimi manufacturing could not really be calculated as soluble proteins were also lost in the washing water and mass balance of constituents could not be calculated. Difference in lipid contents of minced fillets and mince was attributed to hand and mechanical skinning procedures. In hand skinned fillets only the epidermal coat was removed. In contrast, to obtain the mince, the skin was mechanically removed and the main part of the subcutaneous fat as well as a part of lipidrich red muscle were withdrawn. Subcutaneous fat is rich in triglycerides. This explains the lower phospholipid proportion in total lipid extract of minced fillets than in total lipids of mince. The higher phospholipid content in surimi than in mince could be explained by the fact that membrane polar lipids such as phospholipids, interact with proteins and consequently are less easily removed than neutral lipids during processing. Similar results were obtained during manufacturing of sardines (Sardina pilchardus) surimi 21 . However, when muscle fibers were highly damaged, significant proportions of phospholipids were extracted in the washing water, probably together with membrane proteins (Table 1 ). Higher levels of polyunsaturated fatty acids were also found in surimi than in minced fillets (Table 2) . This increase was due to higher proportions of eicosatetraenoic acid (C20:4ω3) and docosahexaenoic acid (C22:6ω3)
when other PUFAs such as eicosapentaenoic acid (C20:5ω3) remained steady ( Table 2 ). The higher proportion of docosahexaenoic acid in surimi can be attributed to the easiest elimination, during surimi processing, of the neutral lipids as compared to the polar lipids, richer in docosahexaenoic acid. Indeed, we have found, in accordance with Bandarra et al 22 and Passi et al 23 , that phospholipid fraction of horse mackerel muscle contains more polyunsaturated fatty acids and less monounsaturated fatty acids than neutral lipids (results not shown). Due to their interactions with proteins, phospholipids were less easily removed during processing than neutral lipids, and proportions of polyunsaturated fatty acids, such as DHA, increased in surimi.
Skinning can be critical for the quality of the end-product
In the raw material, higher amounts of hydroperoxides and TBARS ( Figure 2 ) and higher concentration of TBARS expressed per kg lipids (Table 3) were found in the minced fillets than in mince. This can be explained by the skinning process: compared to the mince preparation with the skinning and deboning machine, dark muscle and subcutaneous fat were not removed during hand-skinning. Therefore, lipid content was higher in hand-minced fillets, and the abundance of hemoproteins and free metals in the dark muscle and under the skin layer would favor and promote lipid oxidation 24 in the minced fillets. Accordingly, after catch, fatty fish muscle is very prone to lipid oxidation and good storage conditions including storage in ice and the shortest duration of storage are required to maintain fish quality. For instance, significant increase in amounts of lipid oxidation products was detected in the fillets of horse mackerel as soon as after 6 hours at 17 °C and 36 hours in ice during storage of whole fish 25 . In such a sensitive material, the presence of more or less lipids and pro-oxidant substances will be crucial for development of lipid oxidation. As good quality of the raw material and the lowest initial level of oxidation are key conditions to control concentration of lipid oxidation products in surimi 25, 26 , the present results evidence the interest to control the settings of the skinning and deboning conditions. In one way, the machine should be set up so that most of the dark muscle and subcutaneous fat are removed. In the other way, it should be adjusted to minimize losses and insure maximum final yield and economically effectiveness of the whole process. As it is crucial to minimize oxidation reactions during processing, in order to insure the quality of the final product, only careful and precise adjustment of the skinning and deboning conditions is susceptible to satisfy these opposite conditions.
Lipid oxidation initiated during washing developed during refining
During surimi processing, concentrations of primary and secondary products of lipid oxidation in the lipid phase increased, showing that lipid oxidation took place ( Table 3 ). The increase was more pronounced for TBARS than hydroperoxides. Lipid hydroperoxides, especially long-chain polyunsaturated fatty acid hydroperoxydes, are intermediary compounds quickly decomposed into secondary compounds that were evaluated by TBARS determination. In the course of fatty fish processing, amount of secondary compounds, which accumulate, increased while hydroperoxides, which were broken down, remained at a fairly constant level.
Depending on expression mode (mg kg -1 TL or mg kg -1 dry weight) TBARS was fifteen to twenty fold higher in washed mince than in mince (Table 3, Figure 2 ). During the washing stage, the minced fish muscle was thoroughly mixed with water favoring contact between lipids, pro-oxidant substances such as heme proteins present in blood, and oxygen 10 .
Therefore, lipid oxidation was strongly favoured during the washing stages. Then, the reaction propagated during refining, and the hydroperoxyde and TBARS contents of the total lipid fraction were very high in refined mince. The lipid fraction of washing water also contained very high amounts of lipid oxidation products whereas the lipid fraction of resulting paste had remarkably lower content of lipid oxidation products than refined mince. These results indicate that the last dewatering stage removed a major part of the primary and secondary products of lipid oxidation that were present in the refined mince. This result should be highlighted as it indicates that significant proportions of lipid oxidation products can be swept along by the washing water. The last washing stage made possible to limit the concentration of lipid oxidation products in paste and surimi. As a consequence, even if the level of lipid oxidation was not negligible in surimi (Table 3) , as the product contained very small amounts of lipids, total amounts of secondary oxidation products (expressed per kg of surimi) were equivalent to the amounts measured in the minced fillets ( Figure 2 ).
Both TBARS and hydroperoxides were higher in surimi than in paste (Table 3 ). This increase can be attributed to a technical problem, which occurred when the cryoprotectants were incorporated to the paste: the process was performed without vacuum and without refrigeration, which favored lipid oxidation. Indeed, the control of this processing stage is also required to insure the quality of the product. The pilot line has already been optimized to limit the development of lipid oxidation reactions at this stage of the process.
CONCLUSION
This paper shows that, initiated during fish storage and during the first stages of surimi manufacturing, lipid oxidation proceeds with processing while lipid content decreases.
Phospholipids, rich in omega-3 fatty acids such as docosahexaenoic acid (DHA, C22:6ω3) are less removed than neutral lipids and polyunsaturated fatty acids proportions in lipid fraction are higher in surimi than in raw material.
Even though most of pro-oxidant substances were presumably removed during skinning and washing stages, lipid oxidation developed during these stages that should be carefully controlled. Then, dewatering enables to prepare the concentrate of fish myofibrillar protein 13 and to remove significant proportions of the lipid oxidation products generated during previous stages.
To limit oxidation reactions during surimi manufacturing, assays should be carried to better evaluate the influence of several processing factors such as temperature, number of washing cycles, protection against light or ambient air. The pilot line will be optimized according to the relevant factors. In addition, antioxidants could be added. However, the nature of the antioxidants and the way of addition should be studied. 
